b-spectrins are crucial for the maintenance of cell shape, the establishment of cell polarity, and the formation of distinct membrane domains. Our strategy for identifying genes important for hepatocyte polarity has been to utilize subtractive hybridization of early embryonic mouse cDNA liver libraries. As a result, we have cloned three isoforms of a novel b-spectrin elf (embryonic liver b-fodrin), and here we report the analysis of elf3, the longest isoform (8172 nt). ELF3 comprises 2154 residues with an overall similarity of 89.0% and 95.3% to mouse b-spectrin (bSpIIS1) at the nucleotide and amino acid level, respectively. ELF3 is characterized by an actinbinding domain, a long repeat domain, and a short regulatory domain remarkable for the absence of a PH domain. Linkage analysis reveals that elf3 maps to mouse chromosome 11 between D11Bir6 and D11Xrf477, a dierent chromosomal locus from that of the other four spectrin genes. Northern blot analysis utilizing an elf3 3'-UTR probe demonstrates an abundant 9.0-kb transcript in brain, liver, and heart tissues. Western blot with a polyclonal antibody against ELF identi®es a 200 kD protein in mouse liver, brain, kidney, and heart tissues. Immunohistochemical studies demonstrate ELF labeling of the basolateral or sinusoidal membranes surface as well as a granular cytoplasmic pattern in hepatocytes. Antisense studies utilizing cultured liver explants show a vital role of elf3 in hepatocyte dierentiation and intrahepatic bile duct formation. The dierential expression, tissue localization, and functional studies demonstrate the importance of elf3 in modulating interactions between various components of the cytoskeleton proteins controlling liver and bile duct development.
Introduction
Hepatocyte dierentiation and liver development are established through a speci®c sequence of interactions between mesenchymal and endodermal embryonic tissues. At 9.5 days of mouse gestation, upon signaling from the cardiac mesenchyme, endodermal cells from a foregut diverticulum proliferate and migrate into the surrounding septum transversum (Dourain, 1975) . A liver bud is ®nally recognizable microscopically at 10.5 days of gestation. However, a-feto protein or albumin can be detected as early as day 9.5 (Cascio and Zaret, 1991) , implying that hepatocyte dierentiation begins when foregut endoderm comes into contact with cardiac mesoderm. Thus, in order to analyse hepatocyte dierentiation, it is crucial to identify additional markers and regulatory genes de®ning early liver formation. However, the small volume of liver buds (approximately 4610 72 mm 3 ) yields even smaller quantities of proteins, DNA, and messenger RNA, which makes it dicult to carry out the molecular analysis of liver development. Therefore, constructing early liver cDNA libraries and performing subtractive hybridization still remains the most comprehensive method of obtaining an unbiased catalog of genes required during early mouse liver development (Harrison et al., 1995) . As a result, we have previously constructed early embryonic liver cDNA libraries, and by subtraction hybridization, isolated a group of genes encoding proteins involved in tissue scaolding and conferring cell polarity Cai et al., 1998) . One of the subtracted genes is a novel b-spectrin expressed speci®cally during early embryonic liver development .
The identi®cation of these genes highlights the importance of remodelling and establishment of membrane domains for early liver formation and hepatocyte dierentiation. Spectrin is a major component of the membrane-associated cytoskeleton involved in the maintenance of structural integrity as well as the generation of functionally distinct membrane protein domains (Beck and Nelson, 1996) . Spectrins comprise a-and b-subunits approximately 200 nm in length that are cross-linked by short actin ®laments at junctional complexes, which include protein 4.1, 4.9, myosin, tropomyosin, PS5 and adducin, etc. To date, the best characterized spectrins are erythrocytic and brain spectrin (Goodman et al., 1995; Riederer et al., 1986) . The subunits of erythrocyte spectrin have molecular masses of 240 kDa (a-subunit) and 220 kDa (b-subunit), whereas those of brain spectrin (also called fodrin) are 240 and 235 kDa (Goodman et al., 1981; Bennett et al., 1982; Gallagher and Forget, 1993) . The role of spectrin during embryogenesis is unknown, although functions such as the maintainance of membrane architecture, cell shape, and organelle and vesicle translocation attributed to spectrins in adult systems may be involved .
We have identi®ed three isoforms of elf (embryonic liver fodrin) from embryonic liver cDNA libraries. In addition, we have previously reported the identi®cation of elf1, a 2.4-kb isoform of elf, expressed initially in early embryonic heart and then liver tissues by in situ hybridization, suggesting its role in the emergence of Figure 1 Schematic diagram of mouse elf3 spectrin cDNAs. The total elf3 cDNA map on the top is deduced from the overlapped cDNA clones: Z12, SP1, SS19 and Z2. Several restriction sites are also indicated on the top line. Three cDNA probes used for library screening and Northern blot are: Probe 1 (4350 ± 4750 nt), Probe 2 (6720 ± 7073 nt), and Probe 3 (420 ± 576 nt). The individual cDNA clones are shown on the bottom. The poly-(A) + tail (pA) is indicated for clone Z2
elf3, a 200-kD b-spectrin in mouse liver L Mishra et al hepatocyte polarity during liver development . In this study, we describe the isolation of the full-length cDNA, chromosomal mapping, and developmental expression, as well as a detailed characterization of the longest spectrin isoform of M r 200 kD, denoted elf3 here. We also present initial results of the eect of antisense oligodeoxynucleotides to elf3 on hepatocyte dierentiation and intrahepatic bile duct formation utilizing in vitro embryonic liver explant cultures.
Results
Nucleotide and deduced amino acid sequence of elf3
We have isolated a 0.4-kb cDNA clone (SC-29) from days 12.5-10.5 mouse embryonic liver subtractive hybridization cDNA libraries . By rescreening the day 11.5 mouse embryonic cDNA library (Stratagene) with SC-29 probe, we identi®ed eleven overlapping clones, of which SP1 and SS19 were the longest two (6.8-kb, Figure 1 ). SP1 and SS19
encoded the entire elf3 sequence apart from the 5'-terminal sequence and partial 3'-terminal untranslated region (UTR). In order to extend the 6.8-kb sequence that was similar to mouse non-erythrocyte b-spectrin (bSpIIS1), forward (5'-CGCTC TCAAA CGTAC CAAAA CTAC-3') and reverse primers (5'-AGCGG CCCTG AAACG CTGGA TG-3') were designed from unique sequences of clone SP1 and SS19 respectively and used to amplify sequences from an adaptor-ligated mouse liver Marathon-Ready cDNA library (Clontech). Longrange polymerase chain reaction (PCR) was performed with Advantage Klentaq Polymerase Mix (Clontech) according to the manufacturer's instructions. Amplification products were subcloned into TA-vector (Invitrogen) and sequenced (Clones Z2 and Z12).
The full length cDNA sequence of elf3 contains 8172 nucleotides (nt) with an open reading frame (ORF) of 6465 nt (from nt 333 ± 6797) (Figure 2 ). The predicted in-frame initiation codon (ATG) at nt 333 was determined because: (i) it is the ®rst in-frame ATG, and the sequence¯anking the ATG conforms well to the Kozak consensus for translation start sites in Figure 2 Nucleotide sequence of elf3 cDNA and its amino acid sequence predicted from the nucleotide sequence. The nucleotide sequence of the constructed cDNA for elf3 is shown on the ®rst line, and the amino acid sequence predicted from the nucleotide sequence is shown on the second line. Important features of the nucleotide sequence are in boldface type and underlined. They are the upstream stop sign codon at nt 207, the initiator codon at nt 333, the stop codon at nt 6795 and the polyadenylation at nt 8173. The speci®c features of the amino acid sequence are as follows: the amino acid residues of ELF3 diering from human bSpIIS1 are shown with boxes, amino acid residues diering from mouse bSpIIS1 heightened in gray. The underlined amino acid residues (aa 1338 ± 1443) represent repeat 11 of ELF3. The double underlined amino acids (aa 1763 ± 1893) represent ankyrin binding site of ELF3. Boxed nucleotide residues 5663 ± 5682 indicate the sequences in ankyrin binding site for designing antisense primer ANK1. An arrow beneath nt 6646 and 6647 indicates the position of an intron eukaryotic mRNAs: CAXXAUG (Kozak, 1984; Ma et al., 1993); and (ii) there is an in-frame stop codon at nt 207 upstream of the initiation site (Figure 2 ). The proposed translation termination codon at nt 6795 is reliable because it is in frame, and several identical EST sequences have been identi®ed in this region (GenBank accession numbers AA656974, AA131993, and AA131826). Of note, a potential cryptic poly(A) + (AATAA) signal is present at nt 7359, and this is followed by a typical poly(A) + tail at nt 8172. Elf3 is predicted to encode 2154 amino acids with a calculated isoelectric point of 5.36. The nucleotide and amino acid sequences of elf3 show 89.0% and 95.3% overall similarity to that of mouse brain spectrin (bSpIIS1 or Spnb-2, GenBank accession number Q62261) respectively, and 81.6% and 97.3% to that of human general b-spectrin or fodrin (human bSpIIS1, GenBank accession number M96803). In total, 95 amino acid residues between ELF3 and human bSpIIS1 are dierent: the ®rst 36 amino acids at the N-terminus, 31 scattered amino acid residues (aa 296, 355, 538, 558, 565, 757, 781, 783, 787, 800, 808, 812, 818, 821, 905, 914, 957, 983, 1250, 1398, 1462, 1539, 1546, 1580, 1747, 1748, 1889, 1956, 2091, 2093, 2121) and the last 28 amino acid residues at the Cterminus of ELF3. Comparing ELF3 to mouse bspectrin or fodrin (bSpIIS1), 117 amino acid residues are dierent: 40 amino acid residues in repeat 11 (aa 1338 ± 1443), 13 scattered amino acid residues (aa 296, 355, 724, 783, 833, 1495, 1606 ± 1610) , the ®rst 36 amino acids at the N-terminus, and the last 28 amino acid residues at the C-terminus of ELF3.
Absence of a PH domain at the C-terminus of ELF3
As with other spectrins, ELF3 comprises an actinbinding domain (aa 1 ± 259), a long 17-repeats domain (aa 260 ± 2080), and a short regulatory domain (aa 2081 ± 2154) remarkable for the absence of a PH domain, suggesting that ELF3 does not associate with inositol-1,4,5 triphosphate on the cell membrane. The strongest homology between ELF3 and bSpIIS1 was observed in the 17-repeats domain (Domain II). In contrast, both the N-terminus and C-terminus of ELF3 share lower homology to known b-spectrins (Figure 3) , suggesting unique functions not previously attributed to b-spectrins. The length (259 aa) of the N-terminal domain of ELF3 (Domain I) is slightly shorter than that of bSpIIS1 (272 aa). The overall similarity/identity of the N-terminal domain of ELF3 to that of bSpIIS1 is 89.1/88.8%, the dierence existing mainly at the ®rst 36 amino acids of ELF3 (Figure 3a ). The length (74 aa) of the C-terminal domain (Domain III or regulatory domain) of ELF3 is much shorter than that of that of bSpIIS1 (269 aa). The overall similarity/identity of the C-terminal domain of ELF3 to that of bSpIIS1 is 71.6/ 68.9%, the dierence existing mostly at the last 28 amino acids of ELF3 (Figure 3b ).
Distributions and isoforms of Elf3 transcripts in mouse tissues
Northern blot analysis of adult mouse tissues using an elf3 C-terminal cDNA probe (Probe 2, Figure 1) shows an abundant 9.0 kb transcript distributed in multiple mouse tissues, particularly strongly in brain, heart, kidney, skeletal muscle, and liver tissue (Figure 4 ). In addition, a 4.0-kb transcript is present exclusively in liver, a 2.4-kb transcript in testis, an 8.0-kb weak transcript in brain, and an 11-kb transcript in heart tissue, probably representing dierent isoforms of elf. Because of the low abundance of elf mRNA in mouse embryonic tissues, a more sensitive RT ± PCR was used to examine the spatial and temporal expression of elf mRNA. The results of RT ± PCR revealed the presence elf3 mRNA throughout embryonic brain, heart, and liver development from day 11.5 ± 16.5 (data not shown). The three isoforms of elf we have identi®ed may be responsible for the 9.0 kb (elf3), 8.0 kb (elf2) and 2.4 kb transcript (elf1), respectively ( Figure 5 ).
Elf3 maps to mouse chromosome 11
To date, four chromosomal loci of spectrins have been identi®ed. They include Spna-1 (a-erythrocyte spectrin or aSpIS1, which has been mapped to chromosome 1 both in mouse and human), Spna-2 (a-nonerythroid spectrin or aSpIIS1, which has been mapped to chromosome 2 in mouse and chromosome 9 in human), Spnb-1 (b-erythrocyte spectrin or bSpIS1/ bSpIS2, mapped to chromosome 12 in mouse and chromosome 14 in human), and Spnb-2 (b-nonerythroid spectrin or bSpIIS1, mapped to chromosome 11 in mouse and chromosome 2 in human) (Goodman et al., 1995) .
Linkage data revealed that elf3 (Spnb-3) is included in a haplotype¯anked by the two molecular markers D11Bir6 and D11Xrf477, with the following distances: Figure 6 ). Mouse Spnb-2 (bSpIIS1), however, mapped to the locus between marker D11Hun1 and D11Bir5 according to the MGD linkage map, suggesting that the chromosomal locus of elf3 is dierent from that of the other four spectrin genes. The complete data are available at http:// www.informatics.jax.org/bin/get_crossdata.
Structural analysis of the partial genomic DNA of elf3
If elf3 is an isoform of mouse bSpIIS1, the exon-intron junction at the C-terminal of elf3 should be located between 6711 and 6712, a sharp divergence site ( Figure  2 ). However, analysis of the partial genomic DNA sequence of elf3 (containing the last intron and two exons) revealed that the C-terminal elf3 exon-intron junction is located between 6647 and 6648 nt, further suggesting that the genomic structure of elf3 is dierent from that of bSpIIS1. The donor and acceptor splicesite sequences of the last intron of elf3 are 5'-GTGAGG CACTG-3' and 5'-ACCCT TACAG-3' (GenBank accession number AF047686), respectively.
Immunoblots detect ELF3 proteins in mouse tissues
In order to characterize ELF3 in several mouse tissues, we used a polyclonal antibody (EL-1), which recognizes the unique N-terminal sequence of elf3 (Figure 4 ), and detected a 200-kD band in brain, heart, kidney, and liver on 7.5% SDS ± PAGE gel ( Figure 7 ) as well as a 27 kD band, which matches the size of ELF1, in brain, kidney, and liver on 15 ± 20% SDS ± PAGE gels (data not shown).
Localization of ELF3 in hepatocytes
Anity-puri®ed polyclonal antibody EL-1 was used to perform immunohistochemical labeling of the antigen on mouse embryonic and adult liver sections. In the adult mouse liver, ELF showed a centrizonal (zone 3) distribution with a prominent granular cytoplasmic pattern in hepatocyte around the central vein ( Figure  8b ). ELF also labeled the basolateral or sinusoidal Figure 5 Graphic representation of known alternatively spliced patterns found among elf transcripts. Open boxes indicate coding regions. Black and gray boxes indicate dierent UTR sequences of bSpIIS1 and elf-genes, respectively. Hatched vertical lines in boxes indicate the amino acids of ELF that are dierent from those of bSpIIS1. Of note, ELF isoforms lack the PH domain in the C-terminal domain. Symbols listed on the right represent mouse bSpIIS1 and the alternatively spliced transcripts from elf, ELF3, ELF2 and ELF1 (Figure 8d ). There was no detectable labeling of the bile canalicular membrane, nor the cells lining the sinusoids and the blood vessels. In embryonic mouse liver, day 10.5 section showed positive labeling of a speci®c part of the membrane and cytoplasm of stem cells as well as hepatoblasts and immature hepatocytes (Figure 8f ). At day 14.5, ELF strongly labels the hepatocytes at all stages of dierentiation, (Figure 8g ). At day 16.5, ELF expression is less prominent and limited to the immature and mature hepatocytes and the expression is stronger around the central vein (Figure 8h ). These results indicate that ELF3 antigen is expressed during early developmental stages of the liver and exhibits domain-speci®c localization, with higher expression on the basolateral or sinusoidal surface and some organelles of hepatocytes.
Antisense oligodeoxynucleotides to elf3 inhibit embryonic hepatocyte proliferation and intrahepatic bile duct formation Liver buds with or without surrounding mesoderm were cultured with antisense oligodeoxynucleotides ANK1. ANK1 should not aect elf1 expression because elf1 does not possess an ankyrin-binding domain. As controls, the corresponding sense oligodeoxynucleotides and scrambled sequences to ANK1 were used (see Materials and methods). Concentrations of 1.25 ± 2.5 mM ANK1 signi®cantly induced a regression of embryonic liver formation. There was a signi®cant loss of hepatocyte lineage with absence of hepatoblasts, immature, and mature hepatocytes in the ANK1-treated blocks (Figure 9 ). In addition, intrahepatic bile duct formation was also inhibited, and no intrahepatic bile ducts could be observed. However, the formation of extrahepatic bile ducts was not aected (Figure 9 ). No loss of hepatocyte and bile duct organization was observed in either sense or scrambled controls (Figure 9 ). After 72 ± 96 h in culture with and without control oligodeoxynucleotides, all liver buds with surrounding mesoderm demonstrated hepatocyte dierentiation and bile duct formation. Concentration of 5 mM oligodeoxynucleotides appeared to be toxic because the cultures degenerated non-speci®cally, showing extensive necrosis.
Discussion
elf3 is a novel b-spectrin remarkable for the absence of a PH domain
In this paper, we present evidence which suggests that elf is a novel mouse b-spectrin gene and is a major bspectrin, expressed in multiple mouse tissues, that gives rise to multiple alternatively spliced isoforms. The signi®cance of these isoforms is unknown, but may, as with other b-spectrins, confer specialized tissue-speci®c functions.
b-spectrin subunits show great variability in sequence composition, tissue distribution, and function (Beck and Nelson, 1996; Gallagher and Forget, 1993; Viel and Branton, 1996; Winkelmann and Forget, 1993 ). Yet the structural and functional domains of erythroid and nonerythroid spectrins are highly conserved between mouse and human: a long repeat domain, an actin-binding domain (N-terminal domain), and a C-terminal regulatory domain. This may account for the observed dierence in spectrin tetramer formation and stability between erythroid and nonerythroid subunits (Goodman et al., 1988) . The highly conserved molecular structure of known nonerythroid b-spectrins across species indicates that elf may have evolved from a common ancestral gene and has similar biological functions. Moreover, elf is a cluster b-spectrin gene since its chromosomal locus is close to mouse brain b-spectrin (Spnb-2 or bSpIIS1). The phenomenon of resistance to evolutionary pressure (Coleman et al., 1989) .
The main dierence in gene structure between ELF3 and bSpIIS1 is localized to the C-terminal domain. The C-terminal domains of erythroid and nonerythroid b-spectrins do not conform to the spectrin repeat motif, and are involved, together with the N-terminal domain of the a-subunit, in spectrin dimer association (Goodman et al., , 1995 Tse et al., 1990) . The strong similarity of C-terminal domains of erythroid and nonerythroid b-spectrins may account for the observed dierence in spectrin tetramer formation and stability between erythroid and nonerythroid subunits.
The C-terminal domain of nonerythroid b-spectrin (bSpIIS1) companies 271 amino acids and is associated with both self-association and phosphorylation (Hu et al., 1992; Ma et al., 1993) . The C-terminal domain of erythroid b-spectrin (bSpIS1) consists of 52 amino acids (GenBank accession number P11277), and is responsible for self-association and phosphorylation (Harris and Lux, 1980) . The C-terminal domain of bSpIIS1 can bind to the cell membrane through its PH domain whereas the membrane-binding function of the C-terminal domain of SpIS1 is absent because the Cterminal domain of SpIS1 does not have the PH domain (Lombardo et al., 1994) . But the short Cterminal domain of SpIS1 still forms the heterodimer self-association like that of bSpIIS1 . Taken together, the C-terminal domain ELF3 is very short (like that of SpIS1) and thus may form a heterodimer self-association, but lacks the inositol-1,4,5 triphosphate associate domain (i.e. PH domain).
Development, regulation and antisense studies of ELF3 in liver
Spectrins are conserved throughout evolution and are developmentally regulated. We have demonstrated that, in keeping with brain spectrin (bSPIIS1), elf1, the 27-kD smallest isoform of elf, is expressed in a tissue-and stage-speci®c manner and is conserved throughout evolution (Hu et al., 1992; Mishra et al., 1998; Zimmer et al., 1992) . As with elf1, elf3 is also expressed from day 10.5 and shows an increased expression pattern (Figure 8 ) during development, indicating it has an important function during embryonic liver development. In this study, our interest focused onto whether elf3 was involved or crucial for hepatocyte formation. Like Drosophila b H spectrin, elf may play a role in facilitating a`velcrolike' joining of neighboring cell membranes as they extend (Thomas and Kiehart, 1994) . In this way, elf may facilitate polarization of the surrounding mesodermal cells, enabling foregut endodermal cells to invade this area and dierentiate into hepatocytes. Antisense studies utilizing cultured liver explants demonstrate that the ankyrin-binding site of ELF3 is important for hepatocyte polarization and differentiation and intrahepatic bile duct formation, which Figure 9 Expression of ELF3 in mouse embryonic liver explants. ELF3 labels the pluripotential cells (arrowhead) lining the primitive bile ducts (B) as compared to the negative control (A). Hematoxylin and eosin-stained section of antisense ANK1 block explant shows, loss of hepatocyte and bile duct organization with formation of extrahepatic bile duct only (C). Antisense oligodeoxynucleotides ANK1 and control scrambled sequence were at 1.25 mM, and treatments were for 3 days. ELF3 staining was negative in the antisense treated block (D) indicating the complete inhibition of elf3. P-pluripotential stem cells; PBD-primitive bile duct; EBD-extrahepatic bile duct elf3, a 200-kD b-spectrin in mouse liver L Mishra et al de®nes the early stages of epithelial formation. Of note, the extrahepatic biliary tree and other tissues such as cartilage were intact. Further experiments are required to determine the exact speci®city of elf3 in conferring hepatocyte polarization. In addition, Northern blot analysis indicates that elf3 mRNA is expressed abundantly in brain and kidney tissues, which is consistent with our observation that ELF3 is present at higher level in brain or kidney than in mouse liver, as assessed by Western blot.
Plasma membranes of polarized cells and spectrins as a membrane skeleton
The plasma membranes of polarized cells, such as hepatocytes and epithelial cells of intestine and kidney tubules, are dierentiated into morphologically and functionally distinct domains. The hepatocyte, for example, has a basal membrane or sinusoidal domain facing the circulation, a basolateral membrane involved in cell-cell and cell-substratum interactions and an apical membrane or bile canalicular domain comprising opposed membranes of two hepatocytes and involved in the transport of bile salts across the plasma membrane. The polarization of the plasma membrane hepatic cells is thought to be determined by the existence of cell-cell contacts and the formation of bile canaliculi, which would trigger the development of an asymmetrical distribution of the sinusoidal and canalicular antigens (Maurice et al., 1988; Cook et al., 1983; . Much attention has been devoted to the mechanism for establishing and maintaining these domains, especially the question of how domainspeci®c proteins are sorted into their speci®c localization during their biosyntheses (Caplan, 1997) .
The spectrin-based membrane skeleton is a submembranous, spatially limited, two-dimensional lattice that binds a subset of membrane proteins (Bennett and Gilligan, 1993) . These properties allow the membrane skeleton to facilitate the formation of distinct membrane domains, de®ning the role of spectrins as a membrane protein-sorting machine (Beck and Nelson, 1996) . For instance, an isoform of spectrin (aSpIS*/bSpIS2) homologous to the erythroid spectrin localizes to the neuronal cell bodies and dendritic processes of granule cells as well as other classes of neurons, whereas another isoform (aSpIIbS1/bSpIIS1) distinct from the erythroid spectrins localizes to the axonal plasma membrane and presynaptic terminals (Goodman et al., 1995) . In polarized Madin-Darby canine kidney (MDCK) epithelial cells, the distribution of a nonerythroid isoform of spectrin is restricted to the basolateral plasma membrane domain . The newly synthesized Na + -K + -ATPase delivered to the basolateral membrane is stabilized by interactions with the basolateral membrane spectrin, whereas Na + -K + -ATPase delivered to the apical membrane is rapidly internalized and degraded (Hammerton et al., 1991) . The restricted distribution of Na + -K + -ATPase on the membrane skeleton indicates that the membrane skeleton may restrict membrane proteins to specialized membrane domains. Because the membrane skeleton binds a diversity of membrane proteins, this selective retention mechanism is signi®cant for generating and maintaining structurally and functionally distinct plasma membrane domains in other polarized cells, such as hepatocytes.
Unlike ELF1, which is localized intracellularly and associated with intracellular organelles, ELF3 is restricted in its distribution, which is concentrated along the basolateral or sinusoidal surface membranes of the hepatocytes. In addition, ELF3 is also expressed with a similar polar distribution in several other tissues, such as kidney and brain, which makes it an excellent marker for studies of protein-sorting and for examining the mechanisms in the establishment and maintenance of polarity during development. The hepatocyte sinusoidal membranes contain transport proteins for the hepatic uptake of organic anions and cations and for the uptake of bile acids (Bouwens et al., 1992; Muller and Jansen, 1997) . The multispeci®c organic anion-transporting polypeptide (OATP) mediates the hepatic uptake of organic anions and a variety of organic amphiphilic compounds, including organic cations. Most of these transporters are members of the large ATP-binding cassette (ABC) superfamily, and their transport function depends directly on the hydrolysis of Mg 2+ /ATP (Muller and Jansen, 1997) . ELF3, which is concentrated at the basolateral or sinusoidal membrane, is probably associated with the ability to sort molecules to the membrane. In addition, the centrizonal distribution patterns of ELF from the periportal triad to the central vein may be associated with the zonal distributions of transporter and metabolizing enzyme activities, which can signi®cantly in¯uence hepatic clearance and/or drug concentration gradient pro®les in the sinusoidal blood and hepatocytes (Kwon and Morris, 1997) .
In summary, our studies show that expression of ELF3 in liver is developmentally regulated and localizes to the basolateral or sinusoidal surface membranes of hepatocytes. Antisense studies utilizing cultured liver explants show a vital role of elf3 in hepatocyte dierentiation and intrahepatic bile duct formation. Further work in progress should reveal important aspects of the mechanism for sorting proteins to the basolateral or sinusoidal membrane domain of hepatocytes.
Materials and methods
cDNA clones from subtractive hybridization of days 12-10 mouse embryonic liver libraries Mouse liver tissue was dissected from embryos obtained from the mating of random-bred ICR mice (Harlan) at post-coital days 10, 11 and 12. After poly(A) + RNA isolation (Chomczynski and Sacchi, 1987) , day 10, 11 and 12 liver cDNA libraries were constructed (Gubler and Homan, 1983; Mishra et al., 1998) . Subsequently, subtracted libraries were prepared by conventional techniques (Schweinfest et al., 1990) . We obtained and partially sequenced a total of 64 clones. The sequence of a 0.4-kb clone (SC-29) was 70% similar to mouse nonerythrocyte b-spectrin at the amino acid level determined by sequence comparison.
Screening of cDNA libraries
A mouse cDNA library (day 11.5 gestation) consisting of 1 * 5 kb fragments of C57BL/6J mouse cDNA in the Lambda Unizap was purchased from Stratagene. The insert of the clone SC-29 was used as a probe to screen the mouse elf3, a 200-kD b-spectrin in mouse liver L Mishra et al cDNA library in order to clone the full-length cDNA sequence. The total primary plaque-forming units of this library is 2.0610 7 and the ®nal ampli®ed titer is 1.8610 9 plaque-forming units/ml. The library was screened by the standard plaque hybridization method (Sambrook et al., 1989) . Brie¯y, duplicate ®lters were lifted, baked under vacuum at 808C for 1 h, and washed with 56SSC for 30 min. The ®lter was prehybridized at 608C with an improved Church and Gilbert solution (7% SDS, 1% BSA, 1 mM EDTA, pH 8.0, 500 mM PO4 buer (134 g Na 2 HPO 4 8H 2 O, 4 ml Phosphoric acid, pH 7.2, add H 2 O to 1L)) for 4 h followed by hybridization in the same solution with a random primed labeled (10 7 c.p.m./ml) cDNA probe, 3'-UTR of clone 145. Hybridization was carried out at 608C for 17 h, and the ®lter was washed with 16SSC, 0.1% SDS at the same temperature. Positive plaques from duplicate ®lters were subjected to secondary and tertiary screening. After preliminary restriction mapping of positive clones, the inserts were excised by help phage for nucleotide sequence analysis. Phage DNA puri®cation and recombinant DNA isolations were performed using standard methods.
Sequencing and sequence analysis
All subcloned fragments were sequenced in both orientations and on both strands using the Sanger dideoxy chain termination method (Sanger et al., 1977) . The NCBI nonredundant (nr) databases as of January 28, 1998 were searched using the BLASTP2 and BLASTN2 programs, which permit gapped alignments (Altschul and Gish, 1996) , with default parameters and elf3 protein or nucleotide sequences as queries. Multiple sequences were aligned using the PILEUP (GCG version 9.1, Wisconsin package) and shown with BOXSHADE (Version 3.2). Motifs were determined with the MOTIFS and LINEUP/PRETTY. Molecular mass was calculated with the PEPTIDESORT of GCG. Promoter characteristics were determined by FINDPATTERNS against tfsites.dat in GCG.
Chromosomal mapping of the mouse elf locus
The mouse chromosome location of elf was determined by interspeci®c backcross analysis of BSS interspeci®c ((C57BL/6JEi6SPRET/Ei) F16SPRET/Ei) backcross panel from The Jackson Laboratory (Rowe et al., 1994) . C57BL/6J and M. spretus DNAs were digested with ten restriction enzymes and analysed by Southern blot hybridization for informative restriction fragment-length polymorphisms (RFLPs) with a 1.6-kb cDNA probe (Clone Z2) derived from 3'-UTR of elf3. DNA preparation, restriction enzyme digestion, agarose gel electrophoresis, Southern blot transfer, and hybridization were performed essentially as previously described . A 6.0-kb fragment was detected in ApaI-digested C57BL/6J DNA and a fragment of 6.5-kb was detected in ApaIdigested M. spretus DNA. This polymorphism was used to identify the inheritance of elf3 using the BSS panel. Linkage and order relative to other markers was determined by minimizing the number of multiple recombinants within each haplotype.
Localization of an exon ± intron junction at C-terminal of elf3
To determine the exon-intron junction at the C-terminal of elf3, a forward (5'-GAGGA AGAAG AAAGA AAGAG G-3') and reverse primer (5'-GTGAA CTTCA CATTC CAGACC C-3') were utilized to amplify elf3 from mouse liver genomic DNA. A 948-bp fragment was produced and subcloned into a PCR-2.1 vector (Stratagene) and sequenced.
Northern blot analysis of elf3 expression Northern blots containing 2 mg of poly(A) + mRNA from mouse tissues (Clontech) were probed with a-32 P-labeled Clone Z2 insert antisense strand using ExpressHyb hybridization solution (Clontech) at 688C and washed according to manufacturer's instructions, and were subjected to autoradiography. A a-32 P-labeled b-actin probe supplied with the Northern blots was used as a control to normalize RNA levels in each lane.
Generation of antibodies
Peptide-speci®c rabbit anti-mouse polyclonal antibodies to sequences in the N-terminal and C-terminal of ELF3 were generated as described (Porter et al., 1992) . The sequences of the synthetic peptides were ELQRT SSVSG PLS (residues 2 ± 14 at N-terminus) for the preparation of EL-1, and FNSRR TASDH SWSGM (residues 2140 ± 2154 at C-terminus) for the preparation of EL-2. IgG was isolated from antisera by Protein A/G column (Pharmacia), and applied to anity columns to which the appropriate synthetic peptides had been covalently linked (Pharmacia). The columns were washed with several volumes of buered saline and then eluted with Elution buer (pH 2.8, Pharmacia). The eluted fractions were collected into tubes containing sucient 1 M Tris-HCl, pH 8.0, to bring their pH to 7.2. Anity-puri®ed antibodies and the antibody fractions that failed to bind to the anity column were dialyzed against buered saline containing 10 mM NaN 3 and stored at 48C.
The speci®city of the antibodies was assessed by enzymelinked immunosorbant assays (ELISA), following the method of Engvall (1980) , and by immunoblotting of the synthetic peptides separated by SDS ± PAGE. The results from ELISA con®rmed the speci®city of the antibodies for their corresponding antigens, as did the immunoblotting (data not shown).
Protein isolation and immunoblots
Several organic tissues were isolated from mouse brain, heart, kidney and liver, and suspended in buer containing 300 mM NaCl, 50 mM Tris-HCl (pH 7.5), 2 mM EDTA (pH 8.0), 5% Triton X-100, supplemented with Complete Protease Inhibitor Cocktail tablets (Boehringer Mannheim) and 0.7 mg/ml Pepstatin (Boehringer Mannheim). Tissues were homogenized in Dounce homogenizer at 08C for 2 min (4630 s) and centrifuged at 10 000 g for 15 min in a SS-34 rotor (DuPont-Sorvall) to remove insoluble material. Aliquots of the supernatant containing 50 mg of protein were boiled in sample buer (Laemmli, 1970) , electrophoresed on 7.5% SDS ± PAGE gel, and transferred electrophoretically to nitrocellulose membranes (Bio-Rad). After blocking in 16PBS buer (Gibco) plus 3% (w/v) non-fat dry milk for 2 h, nitrocellulose membranes were incubated with EL-1 antibody for 1 h at room temperature, washed, and incubated for 30 min with secondary antibody conjugated to alkaline phosphatase (Tropix). To enhance the signal of EL-1 labeling, bound antibody was detected by chemiluminescence with the Western-light kit (Tropix).
Preparation of embryonic tissue specimens
Harlan ICR Mice were used. The age of the embryos was determined by days post-appearance of the vaginal plug (day 0). The noon of this day was considered 0.5 days of gestation post-coitus (p.c.). The embryos were dissected at transitional times between days 9.5 and 16.5 p.c. The identi®cation and isolation of embryos were carried out under an operative microscope using atraumatic microsurgical instruments. The specimens were ®xed in FEA ®xative (4% formaldehyde, 85% ethanol and 5% glacial elf3, a 200-kD b-spectrin in mouse liver L Mishra et al acetic acid) and embedded in paran. The sections, 5 ± 8 mm thick, were cut in the longitudinal or transverse planes using a microtome (Reichert-Jung, Cambridge Ins., Deer®eld, IL, USA). Serial sections were stained with hematoxylin and eosin as well as with periodic acid schi (PAS) for glycogen, as indicators of dierentiated hepatocytes.
Immunohistochemical characterization
An indirect immunoperoxidase procedure was used for immunohistochemical localization of ELF protein in developing embryos and adult mouse liver (Blakeslee, 1977) . Eight mM sections were deparanized in Xylene, the tissue dehydrated in graded alcohol, and rinsed in 16PBS. Endogenous peroxide was removed using 3% hydrogen peroxide (Sigma). Sections were blocked in 16PBS containing 5% goat serum and 1 mg/ml BSA. The sections were incubated overnight at 48C in a humidor with primary antibody diluted to 2.5 ± 5 mg/ml in 16PBS containing 1 mg/ml BSA and 0.05% Triton X-100. All further steps were done at room temperature. Four 5-min rinses with 16PBS containing 1% goat serum were performed after each successive step. The sections were then incubated with peroxidase conjugated goat anti-rabbit antibody (Jackson Immunoresearch Laboratories, Inc., West Grove, PA, USA) that was diluted in 0.05 M PBS in 1% serum, for 30 min at room temperature. After rinses, 200 ± 500 ml of the insoluble peroxidase substrate DAB (Sigma Fast) was added to cover the entire tissue on the slide. Color development was monitored under the microscope. After rinsing in distilled water for 2 min counterstaining was performed with Harris hematoxylin solution modi®ed (Sigma) for 1 min followed by a rinse in distilled water for 5 min Sections were dehydrated by passage through graded alcohol concentrations and ®nally Xylene. Coverslips were mounted using DPX (Fluka Labs) before observation. PBS-serum only was used for the negative controls. Sections were also stained for afetoprotein, albumin and cytokeratin 14 (CK-14) as positive controls (data not shown).
Liver explant and antisense treatment
Day 9.5 liver buds with or without surrounding mesoderm (en bloc dissection) were microdissected as described previously (Mishra et al., 1997) and cultured on nucleopore ®lters for 72 h in a humid chamber as described (Houssaint, 1980) . Antisense oligodeoxynucleotides ANK1 (5'-TTGTG TCAAT GAGCT CCAGG-3') were phosphorothioate 20-mers from the ankyrin-binding site of elf3 (nt 5674 ± 5693), and were applied daily at 1.25 mM, 2.5 mM and 5 mM. Controls comprised sense as well as scrambled oligodeoxynucleotides. The medium for the culture was Dulbecco's modi®ed Eagle medium supplemented with 10% fetal calf serum, 100 units/ml Penicillin G sodium and 100 mg/ml Streptomycin sulfate. All cultures were grown at 378C with 5% CO 2 . The explants were ®xed as in the in situ hybridization protocols, and RNA isolated as described above. Seven mm sections were stained with hematoxylin and eosin, periodic acid schi (PAS) for glycogen, an indicator of dierentiated hepatocytes, and immunohistochemical labeling performed using N-terminal ELF3 antibody (EL-1).
